Abstract. This second part of the paper presents the details of the eco-hydrological model SWIM simulating the natural water supply and its coupling to WBalMo, a water management model.
Introduction
A realistic modelling of water amounts and fluxes is of crucial importance for any conclusion concerning impacts of changes in water availability. To answer a question like "How many percent of the output of a certain power plant will presumably have to be cut down in August 2030 due to lack of cooling water?" a modeller needs to know -the climate change till that year on a regional scale, -the hydrological boundary conditions like soil profiles, land use, or groundwater recharge coefficients and their interactions, and -the water management options like reservoir balance plans or distribution policies.
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Each of these input variables may contribute uncertainty to the final answer, and hence it is important to include as much knowledge as possible. Comparably important is the choice of appropriate models which not only decides the validity of process representation but also implicitly determines input data quality by model requirements.
One of the objectives of the GLOWA Elbe project is to make statements on water supply problems not only for a single month or user but for hundreds of users distributed over the whole Elbe River basin for the next 45 years. The models in charge for the detailed hydrological and water management modelling, SWIM and WBalMo, are capable of providing reliable water availabilty scenarios in a high spatial resolution.
In the following section, the methodology of SWIM is presented in detail. SWIM calculates the "natural" water fluxes as if there were no dams or transitions, although accelerated runoff from sealed (urban) surfaces or the effects of open cast mining areas are considered.
WBalMo takes the SWIM output data to include management policies, artificial inputs and withdrawals and computes probabilities of meeting the demands separately for all users in the data base. Section 3 explains the details of the statistical analysis and presents some preliminary results for selected users.
SWIM
2.1 Model set up SWIM (Soil and Water Integrated Model) was derived from the SWAT (Soil and Water Assessment Tool) model, cf. Arnold et al. (1998) ; Krysanova et al. (2005) . SWIM is a semi-distributed model simulating water fluxes, plant growth, and nutrient cycles based on hydrotopes, areas with uniform land use, soil type, and weather conditions.
Published by Copernicus Publications on behalf of the European Geosciences Union. The hydrotopes were practically determined by overlay of subbasin, land use and soil type maps. Data from climate stations are interpolated to the subbasins, which are also used for discharge routing according to the river system. The Elbe river basin is actually being modelled with more than 45 000 hydrotopes in 2278 subbasins. For each hydrotope the processes depicted in Fig. 1 are simulated.
Daily climate data are the driving input for the hydrological part. Soil and vegetation properties, each defined by data sets associated with the respective map units, decide on the allocation of water fluxes. The nitrate and phosporous cycle are modelled simultanuously, but are neglected in the context of this SWIM application, where solely hydrological output is required.
The water fluxes are modelled stepwise, separately for each hydrotope, and based on the daily climate data input. First, air temperature decides whether precipitation enters the system in liquid form or if a snow cover has to be modelled. The amount of rainfall and soil properties decide on the share of direct runoff. Then, the water balance is modelled for each soil layer by computing infiltration and seepage fluxes together with plant water uptake. Water availability, temperature, and radiation govern crop and root growth which in turn decides on plant water demand. Finally, all discharge components are calculated and aggregated for each subbasin.
In a subsequent procedure, river discharges are simulated by adding and routing the single subbasin outputs according to the river system structure on the basis of the Muskingum equations.
Because changes in land use have feedbacks on the hydrological properties of the landscape, the results of RAUMIS and the LandUseScanner, a prognostic tool for the generation of land use scenarios, are iteratively reused for SWIM computations in the form of time period related land use maps.
Calibration
Numerous measured discharge time series from [1981] [1982] [1983] [1984] [1985] [1986] [1987] [1988] [1989] [1990] served as reference to eliminate systematic errors of evapotranspiration, soil conductivity, groundwater discharges, or wave propagation which influence all subbasins. Respective global parameters were adjusted using the Newton parameter optimization algorithm provided by the free software PEST (Parameter ESTimation, Watermark Numerical Computing and S.S. Papadopulos and Associates, Inc., 2007). Finally, Nash-Sutcliffe coefficients of 0.9 could be obtained for the basin outlet gauge Neu Darchau (MQ=714 m 3 s −1 ).
As all relevant ecosystem processes shall be modelled as exactly as possible, considerable computation efforts are needed due to their complexity. Started on a single CPU (IBM Power4, 1.1 Ghz), SWIM needs approx. 15 min to simulate one year.
Output of subbasin discharges for WBalMo, Moneris, and QSim
For the coupling of SWIM to the WBalMo model, the subbasin structure of WBalMo was used without major changes. For this purpose, a raster-based GIS module translates elevation data in area specific river parameters. Moreover, it overlays these areas with land use and soil units to hydrotopes. Figure 2 shows in its upper part the numbered SWIM subbasins with the hydrotope structures inside. Because the discharges are aggregated on subbasin level and routed through the subbasins, it is principally possible to obtain discharge values from each area outlet. However, in most cases WBalMo requires only that share of discharge, which accumulates below inflow area outlets (s.c. end profiles).
Therefore, SWIM was fitted accordingly to accumulate beside the general flow dynamics also those shares of discharge belonging to the subbasins exclusively related to the end profiles (cf. Fig. 2, lower part) . Here the flow velocity of the natural dynamics is kept despite the lower partial water quantities.
For the statistical analysis carried out by WBalMo and described below in detail, SWIM was fed with 100 realizations of future climate by the statistical downscaling model STAR (Gerstengarbe and Werner, 2005) , each comprising 50 years of daily precipitation, radiation, humidity, minimum, maximum, and mean temperature for 831 locations. These data were interpolated to the SWIM subbasins. For WBalMo, monthly aggregates of the required discharges were provided, 60 000 values for each end profile accordingly.
Moneris is the model in charge for landscape nutrient flux modelling within the GLOWA-Elbe Project. As already Finally, QSim takes daily SWIM outputs of the accumulated discharge in the main channel of the Elbe River. The model simulates in-stream chemistry and biology focusing on algae growth and nutrient exhaustion.
WBalMo

Principles of modelling long term water availability and management
Long term planning of water management takes into consideration the balance between water yield and water use, superimposed by water management. Usually long term water management is analysed over planning periods of a number of decades. Over this time span the spatio-temporal distribution of water yield, i.e. discharges and their driving hydrometeorological processes, has to be regarded as a random process. The user demands, on the other hand, are deterministic in time and space from the planner's point of view. For each time step of the investigated planning horizon and each cross section of the river network in the planning area the water use has to be provided by fixed or varying values or by demand functions. It has to be considered that water demand often depends on:
-meteorological conditions, and -socio-economic development.
Goals of water management are, for example, covering the water needs of the users (as municipal water supply, power plants, industry), maintaining minimum discharges 96 T. Conradt et al.: Part 2: from eco-hydrology to water demand management (for ecological reasons, but also for navigation), and effective protection against floods. Starting from these key points the methodology of stochastic long-term management has been developed, mainly for areas characterized by a large demand for water and small available water resources. The used stochastic management models divide the management problem into three parts:
1. stochastic simulation of meteorological and hydrological processes, 2. deterministic simulation of water use processes and water management, and 3. recording of relevant system states.
If the simulation is passed over sufficiently long periods, a statistical analysis of the recorded system states will give satisfactory approximations to the probability distributions sought, for reservoir levels and discharges for certain waterbalance profiles, or safety margins for water provision, for example. Based on that, the quality of a selected management strategy can be assessed for the investigated river basin and a gradual improvement of this strategy, i.e. the operation of dams, can then be achieved with well-aimed scenario analysis.
Characteristics of the water management model WBalMo Elbe
Stochastic simulation of meteorological and hydrological processes was described above in Sect. 2. The simulation of the water use processes and water management as well as recording of relevant system states is performed by WBalMo simulation software. It is based on the general methodology described above. The most recent simulation system, used in GLOWA Elbe, is known as WBalMo 3.1 with the possibility to model even very large river basins over 100 000 km 2 (Kaden et al., 2004) . Using this simulation software a water management model for the whole Elbe river basin was developed, called WBalMo Elbe. The whole model is divided into 22 modules, mainly for Elbe tributaries and major wetlands. Table 1 summarizes their characteristics and the WBalMo Elbe model in total. Each of the modules can be used separately. Modules are defined by the balance profiles (BP), set along the watercourses, the catchments (CM) connected to them, water users (WU), and reservoirs (R).
Water management rules not covered by standard model features are programmed within so called dynamic elements (DYN). High regard is given to wetlands as an import water user (WET). For details about modelling water budget of wetlands see Dietrich et al. (1996) 
Preliminary results of long term water availability and management
Water use conflicts exist in the Elbe main river first of all between a given discharge and a minimum required flow, e.g. for effective navigation. In the tributaries the conflict arises between a given discharge and the demand for a certain withdrawal. Because of this, the water use conflict in the main river is analyzed with the help of an longitudinal profile of discharges and minimum required flows, while in the tributaries water demand and water supply is directly compared. For each of these water uses the main questions concerning water availability are:
-What is the extent of the water use conflict under various degrees of drought in the near future?
-How will the water use conflict develop over the whole simulation horizon?
Using statistical analysis of the recorded system states WBalMo Elbe calculates the supplied water on various severities of water shortage as values of different annual return periods. This means that after each of these long-term average number of years the amount of water supply or the discharge will fall below or will at maximum be equal the given value. This analysis can be performed on every period of interest. In cases of more severe drought situations (increasing return interval) the water use conflict is present. With developing climate change the water use conflict will get worse, comparing time periods 2010 and 2035.
An example for a water use in the tributary Havel is shown in Fig. 4 . The figure illustrates water demand and water supply for two scenarios: "STATUS QUO" is based on the values given by the water authority; "SCENARIO 1" assumes more environmental oriented development. The difference of water demand between these scenarios is caused by the different approach to consider the danger of "overwarming" of the river by released cooling water. In the Status-Quoscenario the low demand values in summer already take into account the restricted amount of water, possible to release back into the river after use for cooling because of increased water temperature.
In "SCENARIO 1", these demand estimates are replaced by the value, calculated by a demand function. This function returns the demand required for energy production and the actual withdrawal, considering water temperature. This withdrawal is used for calculating the water resources balance. It is obvious that a water use conflict between demand of cooling water for energy production and the withdrawals, possible from both aspects of water temperature and water availability, really takes place. Under hot summer conditions the water supply for the power plant has to be reduced for ecological reasons in order to avoid an overwarming of the river. Consequently, the energy production has to be reduced. The development of the water use conflict for that kind of water uses (withdrawals) is shown in Fig. 5 . In this example the amount of water, provided by the reservoir Rappbode / Bode (Harz mountains, Saale catchment), is significantly decreasing with developing climate warming, while demand stays at the level of 3.36 m 3 s −1 . At a return interval of 5 years the water supply is shortened to less than one third of the demand, comparing time periods 2010 and 2050.
Other possible results from WBalMo Elbe are the evaporation from surface water bodies totalised per sub-catchments, the increase of water use of wetlands for controlled drainage and sub-irrigation systems, the failure frequency of one or of a group of reservoirs and other indicators.
Summary and conclusions
Capabilities of water balance models like WBalMo can be extended to investgations with regard to climate and socioeconomic changes. Therefore a semi-distributed ecohydrological model like SWIM has to be used. This model gives the opportunity to reflect impact of changes in climate and land use on the stream flows. The latter are then used to balance water yield and water demand. First results for Elbe River catchments show various degrees of concern and vulnerability to climate change. Because of the fact that GLOWA Elbe is a running project, please look at www.glowa-elbe.de for further results, including the Czech part of the Elbe river catchment.
